meter at 2-3 wks posttransfection even in the absence transfected with mBmal1::luc (n ϭ 6) and left undisof circadian oscillations at the culture level ( Figure 1 ). turbed in the luminometer expressed high levels of lumiThey likely reflect the same slow dynamics of reporter nescence, with circadian rhythms that damped rapidly plasmid copy number, unrelated to circadian clock funcover several days, followed by a gradual rise to a peak tion. Moreover, damping of the ensemble rhythm of the level (Ͼ1000 counts/s) at 2-3 weeks posttransfection, cultures is clearly present even soon after transfection, and finally a gradual decline thereafter ( Figure 1A ). Mewhen most individual cells are increasing in amplitude dium changes were sufficient to reinitiate damped circa-( Figure 1C) . Therefore, the rapid ensemble damping is dian rhythmicity at any point, even during the decline. much better explained by loss of synchrony among cells In order to take into account possible effects of these than by damping of individual cells. long-term dynamics of expression, we scheduled single-cell imaging experiments to begin when expression was rising at 5 days after transfection and after expresIndividual Primary Fibroblasts Are Persistent, Independent Circadian Oscillators sion had peaked at 24 days. Because we changed the medium before beginning single-cell imaging, we exWe next studied single-cell circadian oscillations in a more physiological cell type and reporter system. To pected to be able to observe the single-cell correlates of both the long-term expression changes and the more circumvent irregularities that might be associated with genetic modifications endemic to cell lines, we used rapid damping of circadian rhythms.
cillators [3, 16] .
Several observations cast doubt on this hypothesis knockin mice, we monitored single-cell circadian rhythms of clock gene expression for 1-2 weeks. We of damped peripheral circadian oscillators. First, some degree of damping is also observed in SCN explants found that single fibroblasts can oscillate robustly and independently with undiminished amplitude and difrom mPer1::luc rodents, despite firm evidence that SCN verse circadian periods. Cells were partially synchroneurons are self-sustained oscillators. Second, with a nized by medium changes at the start of an experimore physiological "knockin" reporter, in which luciferment, but due to different intrinsic periods, their ase is fused to the endogenous mPER2 clock protein, phases became randomly distributed after several circadian rhythmicity of peripheral tissue explants is still days. Closely spaced cells in the same culture did detectable after 3 weeks in isolation [18] . Thus, the difnot have similar phases, implying a lack of functional ference in damping between SCN and other tissues apcoupling among cells. Thus, like SCN neurons, single pears to be quantitative rather than qualitative, and pefibroblasts can function as independent circadian osripheral circadian clocks must have at least some cillators; however, lack of oscillator coupling in dissocapacity for self-sustained oscillation. ciated cell cultures leads to a loss of synchrony among
The reasons for the partial damping and for the greater individual cells and damping of the ensemble rhythm damping in peripheral tissues than in SCN remain obat the population level.
scure, however. One possibility is that only some cells damp, or that cells damp only partially, perhaps due Results and Discussion to a defective molecular oscillator or perhaps due to depletion of luciferase substrate or nutrients from the The suprachiasmatic nucleus (SCN) of the hypothalaculture medium [18] . An alternative hypothesis, originally mus was long thought to be the exclusive driver of mamsuggested by Balsalobre et al. [3] , is that individual cellular oscillators, rather than damping out, merely drift out of phase, effectively canceling one another out, such (Figure 1 ). turbed in the luminometer expressed high levels of lumiThey likely reflect the same slow dynamics of reporter nescence, with circadian rhythms that damped rapidly plasmid copy number, unrelated to circadian clock funcover several days, followed by a gradual rise to a peak tion. Moreover, damping of the ensemble rhythm of the level (Ͼ1000 counts/s) at 2-3 weeks posttransfection, cultures is clearly present even soon after transfection, and finally a gradual decline thereafter ( Figure 1A ). Mewhen most individual cells are increasing in amplitude dium changes were sufficient to reinitiate damped circa-( Figure 1C) . Therefore, the rapid ensemble damping is dian rhythmicity at any point, even during the decline. much better explained by loss of synchrony among cells In order to take into account possible effects of these than by damping of individual cells. long-term dynamics of expression, we scheduled single-cell imaging experiments to begin when expression was rising at 5 days after transfection and after expresIndividual Primary Fibroblasts Are Persistent, Independent Circadian Oscillators sion had peaked at 24 days. Because we changed the medium before beginning single-cell imaging, we exWe next studied single-cell circadian oscillations in a more physiological cell type and reporter system. To pected to be able to observe the single-cell correlates of both the long-term expression changes and the more circumvent irregularities that might be associated with genetic modifications endemic to cell lines, we used rapid damping of circadian rhythms.
A total of 188 Rat-1 cells were monitored in two sepaprimary fibroblasts. We also wanted to avoid the confounding influence of plasmid dynamics associated with rate cultures, and all of these were rhythmic for at least 3 days (period 18-32 hr, p Ͻ 0.05). For 144 cells moniacute transfection and to use a reporter more faithful to endogenous clock gene dynamics. Thus, we turned tored and rhythmic over the entire experiment (Movie 1 in the Supplemental Data available with this article onto primary fibroblasts dissociated from mPER2::LUC-SV40 knockin mice. Cultures of these cells were also line), the average period was 23.14 Ϯ 1.98 hr (Ϯ SD) but ranged widely between 19.1 and 30.3 hr. Some cells rhythmic when monitored in the luminometer but with lower luminescence intensity of ‫002-001ف‬ counts/s. Uncould be followed for only a portion of the experiment because of cell movement, change in brightness, or like for Rat-1 cells, average daily luminescence intensity remained stable for months when cultures were healthy. occasional cell death. Other cells could not be fitted with a single sine wave for the entire experiment (9-15 Damped ensemble circadian rhythms were evident after each medium change, with amplitude factors of ‫.8.0ف‬ days) because of phase or period instability. Therefore, start and end phases were estimated based on the first Unlike tissue explants [18] , the dissociated fibroblasts were usually completely arrhythmic by 3 weeks after a and last 3 days of the experiment, rather than on a single fitted curve. the much lower levels of luminescence, the circadian sion in fibroblasts [19] . On the other hand, end phases were randomly distributed (n ϭ 178, p ϭ 0.2; Figure 3B ). rhythms of these cells were more robust than those of the Rat-1 cells, with very stable periods and phases, Thus, compared to the Rat-1 cells, individual primary fibroblasts were much more robustly rhythmic and were and all could be fitted nicely with a single sine wave curve. The robustness of the rhythms evident in the raw partially synchronized to approximately the opposite phase by the medium change at the start of an experidata ( Figure 2B ) is reflected in the Q(P) value of the chi-square periodogram, which averaged 296.2 Ϯ 49.3 ment but, like the Rat-1 cells, expressed a diversity of circadian periods such that their phases were also ran-(mean Ϯ SD, n ϭ 100) for the fibroblasts versus 156.2 Ϯ 56.6 (mean Ϯ SD, n ϭ 154) for the Rat-1 cells (excluding domly distributed by the end of the experiment ( Figures  3C and 4) . cells with incomplete data or Ͻ30 min resolution, t test, p Ͻ 0.0001). Phases at the start of the experiment were The lack of significant phase clustering by the end of the experiment suggests an absence of functional significantly clustered (n ϭ 178, p Ͻ 0.0001) at a mean vector of 295Њ (4.3 circadian hr before peak). This is coupling among individual cellular oscillators. They seem to drift freely out of phase over the course of the approximately in antiphase to the Rat-1 cells with the mBmal1::luc reporter, consistent with the known antiexperiment without influencing one another's rhythms.
As a more rigorous test of this hypothesis, we examined phase relationship between mBmal1 and mPer2 expres- 
